The effect on gas solubilities of adding partially fluorinated alkyl side-chains either on imidazolium-based cations or in bis (perfluoroalkylsulfonyl) 
Introduction
Ionic liquids are capable of selectively dissolving carbon dioxide when this gas is mixed with nitrogen, oxygen or methane. 1 We have previously observed that the presence of fluorinated alkyl side-chains in the (imidazolium) cation 2 or in the anion 3 of different ionic liquids enhances the physical absorption of carbon dioxide. Previous studies on the physicochemical properties of perfluorinated organic liquids 4,5 have shown that gases like carbon dioxide are strongly absorbed because the structure of the liquids is dominated by the presence of a backbone of strong C-F bonds that cause a loss in molecular flexibility and a decrease in polarity. 6 In ionic liquids, the capacity and selectivity toward gas absorption can be tuned either by choosing appropriately the cation-anion pairs 7 or by modifying the ions, including chemical structures that render the liquid specific for a given task. 8, 9 Recent works have reported the physicochemical properties 10, 11, 12 and possible applications 13 including the gas absorption 14, 15, 16, 17, 18 , of a large variety of ionic liquids containing fluorinated or partially fluorinated chains. The liquids studied therein are varied, with cations and anions presenting a diversity of molecular structures, the only common point being the presence of fluorinated moieties. It is difficult, in their case, to establish rational relations between the structure of the liquids and their capacity of selectively absorbing gases. To our knowledge, no study of the dependence of the solvation properties on the molecular interactions and structures was yet reported.
The purpose of this work is to study the capacity and clarify the molecular mechanisms underlying the solubility of carbon dioxide, ethane and nitrogen in ionic liquids containing fluorinated moieties. As a progression of our previous work 2, 3 , we report here carbon dioxide, ethane and nitrogen solubilities in a family of imidazolium- 
Experimental Section
Materials. The gases used for the solubility measurements were carbon dioxide from AGA/Linde Gaz, with mole fraction purity of 0.99995; ethane from AGA/Linde Gaz, mole fraction purity of 0.995; and nitrogen from SAGA, mole fraction purity 0.9998. All gases were used without further purification. Gas-solubility Measurements. Gas solubility was measured in an apparatus based on an isochoric saturation technique described previously. 20, 21 An amount of solvent previously degassed is put in contact with the gas at a constant temperature, inside an accurately known volume. At thermodynamic equilibrium, the solubility of the gas can be calculated from the pressure above the liquid solution. A gravimetrically known quantity of ionic liquid is introduced in the equilibration cell, liq V , while the amount of solute that is present in the liquid phase, liq 2 n (subscript 2 stands for solute and subscript 1 for solvent), is calculated by two pVT measurements, one at the beginning when the gas is introduced in a calibrated bulb with volume GB V and another after thermodynamic equilibrium is attained:
where ini p and ini T are the pressure and temperature in the first pVT determination and eq p and eq T are the pressure and temperature at thermodynamic equilibrium.
Tot V is the total volume of the equilibration cell, and 2 Z is the compressibility factor for the pure gas. The solubility can then be expressed in mole fraction: 
where 2 f is the fugacity of the solute and 2 φ is its fugacity coefficient. The fugacity coefficient, which is very close to unity in the present cases, was included in the calculation of the Henry's law constants for all the gases.
The total uncertainty associated with Henry's law constants calculated from the present experimental solubilities is estimated to be better than ±5 %.
Molecular Simulation.
We have used an all-atom force field, bases in the OPLS-AA framework, specifically developed to represent the ionic liquids. 22, 23, 24 29 Simulation runs of 600 ps at 373 K were performed, and 3000 configurations were stored. In each of these stored snapshots, 10 5 insertions were attempted. Following this initial calculation by test-particle insertion, a stepwise finite difference thermodynamic integration procedure 30 was used to calculate the freeenergy difference between the compact of the carbon dioxide molecule and the fullsize model, on eight intermediate steps.
Results and Discussion
We present in where an increase on density of about 1.7% was found.
We determined the dynamic viscosities, as a function of temperature from 
The present data are higher than those reported by Qu et al. 21 The Henry's law constants, calculated from the experimental data, were adjusted to power series in 1/T in order to obtain representative values of the solubility (8) The coefficients Ai as well as the standard deviations of the fits, considered as a measure of the precision of the data, are collected in Table 2 . The Henry's law constants, calculated from the CO2, C2H6 and N2 solubility measurements described in this work, are considered to be precise to within less than 1%, 2.1% and 4.4%, respectively.
We present in Figure 2 the experimental solubility data, expressed in gas mole fraction, as a function of temperature of the three gases in the four ionic liquids. To facilitate the comparison, the data, expressed in mole fraction and in molality, for the three gases and the four ionic liquids at 323 K is depicted in Figure 3 . Carbon dioxide is the most soluble gas in all of the ionic liquids, followed by ethane. Both gases present a mole fraction solubility of the order of about 10 -2 , one order of magnitude higher than the mole fraction solubility of nitrogen. In our previous work, 2 explained by the rigidity of the fluorinated chains that leads to a larger free volume in the ionic liquids having fluorinated cations. 6, 35, 36 In Figure 3 , the solubility of the three gases in the four ionic liquids is also plotted in molality. Although the observations described above do not significantly change, it is worthwhile to notice that the differences between the different ionic liquids as absorbents of carbon dioxide are much smaller. We have decided to analyze the differences in terms of mole fraction as it is a more appropriate unit when addressing the physical-chemical study of the gas dissolution processes 37 .
By the analysis of the thermodynamic properties of solvation listed in Table 3, we can observe that the comportment of CO2 in the ionic liquids studied is explained by a more favorable entropy of solvation as the enthalpies of solvation calculated are similar for the four ionic liquids and even slightly less negative for [C8H4F13mim] [BETI], the ionic liquid in which CO2 is the most soluble. The behavior of ethane is more complicated to explain as, even if the gas is less soluble than CO2 in the liquids studied, the enthalpy of dissolution is more favorable for C2H6. In this case, the dissolution process is explained by a balance between enthalpic and entropic factors.
In the case of N2, a gas one order of magnitude less soluble in the ionic liquids, the enthalpy of dissolution is much less negative than for the other gaseous solutes.
In previous works, the solubility of CO2 was studied in ionic liquids with fluoroalkyl groups 14, 38 but no attention has been given to the effect of fluorination on the solubility of other gases. Only Bara et al. 39 have discussed the effect of the partial fluorination of imidazolium cations on the gas separation using membrane-supported improvement on ideal selectivity for CO2 / CH4 separation (9 and 13, respectively) and a decrease of the selectivity for CO2 / N2 separation (27 and 16, respectively). The calculated ideal gas selectivities are listed in Table 4 . We find the same trends as Bara et al. 39 but unfortunately, pure gas solubilities of CO2, CH4 and N2 are not communicated, so direct comparison with our experimental data was not possible.
In order to explain the molecular mechanisms of solvation of CO2 in ionic liquids 
Conclusions
The present work shows that the ideal selectivity of carbon dioxide absorption in ionic liquids can be considerably increased by using as absorbents imidazolium-based ionic liquids with fluorinated moieties in the cation or in the anion.
We have observed that the mole fraction absorption of carbon dioxide increases with the increase of the fluorination of the ionic liquid, independently on whether it is placed on the cation or on the anion. Ethane is much less soluble in the ionic liquids studied in this work. The fluorination of the ions constituting the ionic liquid have a larger relative effect on the gas uptake, the presence of fluorinated moieties, in the cation or in the anion, causing a decrease on the mole fraction solubility of the gas of 24 % when changing the NTf2 − for the BETI − anion (independently on the cation) or by 33 % when changing the C8mim + for the C8H4F13mim + cation (independently of the anion).
As a consequence of the behaviors described above, the ideal selectivity for the carbon dioxide/ethane absorption increases when the ionic liquids contains fluorinated chains in the cation and is practically constant (with only a slight decreases) when the fluorination in the anion increases.
The results obtained could be explained by complementing the experimental data on gas solubility with molecular simulation studies that provided accurate information about the molecular structure of the solutions. As observed before for other fluorinated ionic liquids, the higher solubility of carbon dioxide in fluorinated ionic liquids 2,3 when compared with their hydrogenated counterparts corresponds, at the molecular level, to an increased affinity of this gas towards fluorinated alkyl chains. 6 Carbon dioxide is, nevertheless, also solvated near the charged parts of the ionic liquid, as observed before. 2 In the case of ethane, the gas interacts preferentially with the non-polar domain of the ionic liquids, its solubility being lowered, as expected 40 , in the fluorinated ionic liquids.
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